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Co-crystal structure of sterol regulatory element binding
protein 1a at 2.3 Å resolution
A Párraga1†, L Bellsolell1, AR Ferré-D’Amaré1‡ and Stephen K Burley1,2*
Background: The sterol regulatory element binding proteins (SREBPs) are
helix–loop–helix transcriptional activators that control expression of genes
encoding proteins essential for cholesterol biosynthesis/uptake and fatty acid
biosynthesis. Unlike helix–loop–helix proteins that recognize symmetric E-boxes
(5′-CANNTG-3′), the SREBPs have a tyrosine instead of a conserved arginine
in their basic regions. This difference allows recognition of an asymmetric sterol
regulatory element (StRE, 5′-ATCACCCCAC-3′).
Results: The 2.3 Å resolution co-crystal structure of the DNA-binding portion
of SREBP-1a bound to an StRE reveals a quasi-symmetric homodimer with an
asymmetric DNA–protein interface. One monomer binds the E-box half site of
the StRE (5′-ATCAC-3′) using sidechain–base contacts typical of other
helix–loop–helix proteins. The non-E-box half site (5′-GTGGG-3′) is recognized
through entirely different protein–DNA contacts.
Conclusions: Although the SREBPs are structurally similar to the E-box-
binding helix–loop–helix proteins, the Arg→Tyr substitution yields dramatically
different DNA-binding properties that explain how they recognize StREs and
regulate expression of genes important for membrane biosynthesis.
Introduction
Cholesterol homeostasis is regulated at the level of tran-
scription via a feedback loop that controls the expression
of genes encoding proteins required for cholesterol and
fatty acid biosynthesis and receptor-mediated endocytosis
of low density lipoprotein (LDL: reviewed in [1]). Expres-
sion of these medically important genes is, in part, con-
trolled by transcription factors (sterol regulatory element
binding proteins or SREBPs) that recognize a 10 base pair
(bp) site first identified in the LDL receptor gene pro-
moter (designated sterol regulatory element or StRE; [2];
it should be noted that we have chosen the acronym StRE
instead of SRE to avoid confusion with serum response
element). The SREBPs constitute a novel family of tran-
scriptional activators. They are made up of an N-terminal
transcription factor portion (composed of an activation
domain, a basic region/helix–loop–helix/leucine zipper
(bHLHZ) DNA-binding motif, and a nuclear localization
signal), a hydrophobic region containing two membrane
spanning regions, and a C-terminal regulatory segment [3].
Members of the SREBP family are principally found in
the liver and in adipocytes. Following translation, these
transcription factors are temporarily maintained in an inac-
tive state by localization to the cytoplasmic surfaces of the
endoplasmic reticulum and the nuclear envelope. The
N-terminal and C-terminal segments are found in the
cytosol, whereas the two membrane spanning regions
adopt a hairpin-type insertion. In response to reduced
intracellular cholesterol stores, a series of specific prote-
olytic cleavage events free the N-terminal portion, thereby
activating the SREBPs [4]. Following translocation to the
nuclear compartment, these transcription factors form
homodimers and bind DNA, thereby up-regulating expres-
sion of the genes encoding the LDL receptor and
enzymes responsible for biosynthesis of cholesterol and
fatty acids. (At present, there is no evidence that the
SREBPs heterodimerize with one another or any other
bHLH or bHLHZ protein.) Once intracellular choles-
terol levels return to normal (via increased receptor
mediated endocytosis of LDL and increased biosynthe-
sis), activation of SREBP ceases and sterol-regulated
gene expression returns to baseline because the trun-
cated SREBPs in the nucleus are degraded by an
intranuclear cysteine protease (reviewed in [1]).
Helix–loop–helix proteins are characterized by a conserved
60–100 residue motif composed of two segments capable of
forming amphipathic α helices separated by a variable loop
(Figure 1). These motifs dimerize by approximating the
conserved hydrophobic faces of the two α helices, forming a
parallel, left-handed, four-helix bundle (reviewed in [5]).
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Baltimore and coworkers [6] first described the conser-
vation of these primary structural features in a number of
eukaryotic transcription factors, and implicated them in
dimerization and DNA binding. Subsequent crystallo-
graphic and biochemical work confirmed their bold predic-
tion and demonstrated that the helix–loop–helix motif is
primarily responsible for dimerization. Most helix–loop–
helix proteins possess a highly conserved basic region
immediately N-terminal to the first amphipathic helix
[7], which mediates high-affinity, specific DNA binding
(reviewed in [8]). In addition, the C-terminal helices of
many of these transcription factors extend beyond the four-
helix bundle, where a leucine heptad repeat or zipper forms
a left-handed, coiled-coil dimer interface. Finally, a small
subset of the helix–loop–helix proteins lack the basic region
entirely and cannot bind DNA [9].
At present, our structural knowledge of the helix–loop–
helix transcription factors is limited to five of these biolog-
ically important proteins (truncated forms of Max [10],
USF [11], E47 [12], MyoD [13], and Pho4 [14], plus full-
length Max [15]) interacting with palindromic E-boxes of
the form 5′-CANNTG-3′ [16]. It is remarkable that all
bHLH and bHLHZ proteins are thought to undergo a basic
region random coil to α helix folding transition on specific
DNA binding. The E-box appears to serve as a folding tem-
plate for the basic region, stabilizing its α-helical conforma-
tion (reviewed in [5]).
The SREBPs can be distinguished from all other bHLH
and bHLHZ proteins by the presence of an atypical
residue in their basic regions. A tyrosine instead of a con-
served arginine (Figure 1) permits these proteins to recog-
nize a non-palindromic StRE — 5′-BPyCACNCCAPy-3′;
Py, pyrimidine; N, any base; and B, anything except
thymine (Thy) — that differs significantly from a canoni-
cal E-box (reviewed in [17]). In addition, the SREBPs
bind tightly to the E-box recognized by Max and USF
(5′-CACGTG-3′; [17]). Results of site-directed mutagene-
sis experiments have demonstrated that StRE binding is
abolished when the tyrosine is changed to arginine, whereas
E-box binding remains unaffected [17]. Paradoxically,
there is no evidence that the SREBPs modulate gene
expression by binding to E-boxes.
Here, we present the 2.3 Å resolution X-ray structure of
the bHLHZ portion of human SREBP-1a bound to an
oligonucleotide-containing sterol regulatory element 1
(StRE-1, 5′-ATCACCCCAC-3′) derived from the human
LDL receptor gene promoter [18]. The structure is
remarkably similar to that of the symmetric homodimer of
Max recognizing the E-box palindrome 5′-CACGTG-3′
[10]. However, twofold symmetry within the SREBP-1a
homodimer is broken at its interface with the asymmetric
StRE. The high quality of our co-crystals and the pres-
ence of two copies of the homodimer–DNA complex in
the asymmetric unit provide the first high-resolution
structure of a helix–loop–helix protein, revealing bridging
water molecules and a putative divalent cation in a cavity
within the protein–nucleic acid interface.
Results and discussion
Overall structure and comparison with the Max homodimer
Our 2.3 Å resolution co-crystal structure of the DNA-
binding domain of SREBP-1a shows that the protein
binds the StRE as a homodimer (Figure 2a), confirming
earlier predictions [3]. The crystallographic asymmetric
unit contains two protein dimers (four monomers, referred
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Figure 1
Partial sequence alignment of the DNA-binding portions of human
SREBP-1a [3] and SREBP-2 [31] with Max [32,33], c-Myc [33], Mad
[34], USF [35], CBF1 [36], TFE3 [37], TFEB [38], E47 [39], Pho4
[40], MyoD [41], EMC [42], and Id [9]. Amino acids (one letter code)
are numbered according to full-length SREBP-1a. Conserved residues
and the boundaries of individual segments are color-coded as follows:
basic region (red), helix 1 (cream), loop (pink), helix 2 (blue), and
leucine zipper (yellow). Gray denotes tyrosine residues of the SREBPs.
to as A, B, AA and BB), and a discontinuous 38bp oligo-
nucleotide that includes two copies of StRE-1 (Figure 2b).
Superposition of the two homodimer–DNA complexes
(A/B compared with AA/BB) gave root mean square devi-
ations (rmsds) of 0.38 Å between α-carbon atomic posi-
tions and 0.14 Å between C1′ atomic positions for the
10 bp of StRE-1, suggesting that lattice packing interac-
tions have little effect on the structure of the protein–
nucleic acid complex.
Figure 3 demonstrates that the structure of SREBP-1a
recognizing StRE-1 is remarkably similar to that of Max
recognizing a canonical E-box [10]. The rmsd between
α-carbon atomic positions of monomer A compared with
Max (excluding loop regions and C-terminal random coil
segments) is 1.3 Å, which is comparable to the values of
1.0 Å and 1.2 Å obtained for E47 [12] and MyoD [13],
respectively. The hydrophobic core defined by the paral-
lel, left-handed, four-helix bundle of SREBP-1a is virtu-
ally identical to that seen in our Max–DNA structure [10]
because the buried residues are highly conserved. The
structures of the coiled coils formed by dimerization of
leucine heptad repeats are also very similar. 
In addition to providing detailed insights into the mecha-
nisms of sterol regulated gene expression, this work repre-
sents the first high-resolution study of a member of the
helix–loop–helix family of transcription factors. Previous
studies of Max [10,15], USF [11], E47 [12] and MyoD [13]
were performed with unfrozen co-crystals that diffracted to
2.8–2.9 Å resolution. Cryo-crystallography and synchrotron
radiation were not the only reasons that we were able to
reach high resolution. Results of an earlier multiwavelength
anomalous dispersion study (using the Howard Hughes
Medical Institute Beamline X4A at the National Synchro-
tron Light Source, Brookhaven National Laboratory) of
another co-crystal form of SREBP-1a–DNA documented
twofold averaging of the brominated DNA about the inter-
nal pseudo dyad (data not shown). Indeed, virtually all the
co-crystals we obtained with shorter oligonucleotides proved
to be unsuitable because the internal pseudo dyad symme-
try of the homodimer dominated lattice packing interac-
tions, giving reasonable electron density for the polypeptide
backbone and ‘blurred’, twofold averaged electron density
for the asymmetric StRE. Similar averaging effects were
seen in our work on the Max homodimer [10], where inter-
nal pseudo dyad averaging fortunately did not affect the
electron density corresponding to the palindromic E-box.
The ‘designed’ 38bp oligonucleotide contains two asym-
metric StREs related by twofold symmetry (Figure 2b),
effectively precluding twofold averaging of the StRE. 
Our experience with other protein–DNA complexes sug-
gests that the absence of DNA–DNA lattice packing
interactions also contributed to the excellent diffraction
properties of our co-crystals (i.e. the oligonucleotides do
not form pseudo-continuous helices throughout the crys-
tals). The first base pair (Thy–Ade ; Ade, adenine) stacks
against the sidechains of Tyr369 and Phe372 of a sym-
metry-related monomer AA, whereas the last base pair
(Ade–Thy) of the same symmetry-related complex stacks
against the sidechains of Tyr369 and Phe372 of monomer
A (Figure 4). Finally, the absence of two phosphate groups
at the junction of the four single-stranded oligonucleotides
(see DNA structure section and Figure 2) allowed for some
backbone flexibility, which may have contributed to favor-
able crystal packing.
Despite the similarity of the two homodimers in the asym-
metric unit (A/B compared with AA/BB), the individual
monomers within each homodimer differ substantially in
their α-carbon atomic positions (Figure 3). In contrast,
the first co-crystal structure of a helix–loop–helix protein
showed identical Max monomers related by crystallographic
twofold symmetry [10]. Differences exceeding the esti-
mated precision of the atomic coordinates (~0.2–0.3 Å) are
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Figure 2
Crystallographic asymmetric unit. (a) Overview of the SREBP-1a–DNA
complex. Monomer A is colored according to the scheme in Figure 1.
Monomers B, AA and BB are colored cyan. This figure was prepared
with MOLMOL [43]. (b) Sequence of the crystallization
oligonucleotide. The two StRE-1 sequences are numbered as in [20].
Short lines denote hydrogen bonds between the two DNA duplexes
(shown on the left in normal lettering and on the right in bold) that bind
by annealing their four-base overhangs.
10
TTGCAGTGGGGTGATCT
AACGTCACCCCACTAGAGTAC
CATGAGATCACCCCACTGCAA
StRE-1
Non-crystallographic pseudo twofold
TCTAGTGGGGTGACGTT
1 2 3 4 5 6 7 8 9
12345678910
StRE-1
Internal pseudo dyad
Structure
(a)
(b)
5′-
3′-
-5′
-3′
found in the basic region (residues 320–333, rmsd = 2.5 Å)
and the leucine zipper (residues 367–394, rmsd = 5.9 Å).
Within the helix–loop–helix portion, the monomers are
almost identical (residues 334–366, rmsd = 0.36 Å). Differ-
ences between the two SREBP-1a basic regions of the
homodimer are quite subtle (Figure 3). The precise trajec-
tories of the basic region α helices are influenced by the
asymmetry of the DNA-binding site recognized by the
SREBPs and appear to be a direct consequence of confor-
mational differences in the sidechains of Glu332 and
His328 (see below).
Crystal packing interactions are probably responsible for
asymmetry in the SREBP-1a leucine zipper (Figure 3),
which is displaced from the internal pseudo dyad. This
coiled coil is somewhat shorter than the one found in our
Max–DNA structure ([10]; Figure 3). The C-terminal inter-
molecular interaction stabilizing the leucine zipper of the
SREBP-1a homodimer involves Val391. Thereafter, the
two monomers separate and the random coil regions of the
polypeptide chains make contacts with symmetry-related
DNA. Preference for lattice packing interactions may
reflect the fact that residue 394 (the next residue pre-
dicted to lie in the leucine zipper interface) is serine and
not valine or leucine, which are typically found in this
position in coiled coils (reviewed in [19]).
DNA structure
The ‘designed’ oligonucleotide that was decisive in
obtaining high-quality co-crystals is composed of two
complementary segments of 21 and 17 bases (5′-CATGA-
GATCACCCCACTGCAA-3′ and 5′-TTGCAGTGGGG-
TGATCT-3′). Once the two strands base pair, the self-
complementary four base overhang (5′-CATG-3′) can
anneal to form the 38 bp oligonucleotide used for crystal-
lization (Figure 2b). The resulting DNA is palindromic
and contains two binding sites for SREBP-1a. Despite the
absence of one phosphate group from each strand, the
DNA adopts a modified B-form conformation (mean
rise = 3.2 Å, mean twist = 34.4°, mean roll = 1.5°). The
only structural parameters that deviate significantly from
those of standard B-form DNA are the groove widths—
the minor groove is wider (7.0–7.5 Å for the bound con-
formation versus 5.8 Å for the standard form), and the
average major groove is narrower (10.6 Å for the bound
conformation versus 11.4 Å for the standard form).
The cylindrical axis of the 38 bp oligonucleotide is some-
what bent at various points throughout its length. In part,
these distortions probably result from the discontinuity
near the middle of each backbone and the effects of lattice
packing. The DNA axis also adopts a subtle S shape
within each StRE (data not shown), which almost certainly
results from the binding of the SREBP-1a homodimer
because the same deviation occurs in both halves of the
asymmetric unit. The local cylindrical axis is straight in
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Figure 3
Comparison of SREBP-1a with Max. (a,b) Superposition of the
structures of SREBP-1a (red) and Max ([10]; yellow), calculated using
the α helical portions of each homodimer. The DNA structure obtained
in this work is shown as a black stick figure. (c,d) Superposition of
monomers A (red) and B (blue) of SREBP-1a, calculated using the
helix 1, loop and helix 2 portions of each monomer. Panel (d)
corresponds to the view used in (b) and (c) and was obtained by
rotation of 90° about the internal pseudo dyad.
the middle four base pairs of the recognition site and
undergoes a mild bend of ~10° towards the major groove
at both ends. In contrast, no significant DNA curvature is
induced in the co-crystal structures of truncated Max [10],
USF [11], E47 [12] or MyoD [13]. A 25° bend was observed
in the co-crystal structure of full-length Max [15], but
these crystals were grown with a relatively short oligo-
nucleotide, making it difficult to separate the influence of
protein binding from lattice packing interactions.
Protein–DNA interactions
Like all helix–loop–helix proteins, the SREBP-1a homod-
imer binds to its DNA target with each monomer interact-
ing with only one half of the recognition site. The internal
pseudo dyad relating each monomer falls in the middle of
StRE-1 (5′-ATCAC CCCAC-3′). Thus, one SREBP-1a
monomer makes contacts with a half site resembling an
E-box (5′-ATCAC-3′, subsequently referred to as the
E-box half site), and the other monomer makes contacts
with the non-E-box half site (5′-GTGGG-3′). The two
homodimers in the asymmetric unit show the same direct
protein–DNA contacts, ruling out significant influences
from lattice packing. Moreover, we now have sufficient
diffraction data (2.3 Å resolution) to identify water-medi-
ated protein–DNA interactions common to both halves of
the asymmetric unit, presumably representing genuine
water-bridged contacts.
Figure 5a,b illustrates all observed direct and water-medi-
ated contacts between SREBP-1a and StRE-1. Monomers
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Figure 4
Crystal-packing interactions. (a) Final electron-
density map. A (2|Fobserved| – |Fcalculated|)
difference Fourier map is shown in violet,
contoured at 1.3σ. This view shows crystal-
packing contacts between Tyr369 and
Phe372 from monomer A (green) with the last
base pair (Ade–Thy) of a symmetry-related
DNA (yellow). (b) Ribbon representation of the
A/B single complex (blue) and a symmetry-
related AA/BB complex (orange). The packing
interactions shown in detail in (a) are included.
A and AA are bound to the E-box half site (5′-ATCAC-3′)
using three amino acids (His328, Glu332 and Arg336) that
are highly conserved among helix–loop–helix proteins
(Figure 1). These residues make nucleic acid contacts that
are virtually identical to those observed for Max–DNA
[10] and USF–DNA ([11]; Figure 5c). Their similarity is
readily apparent in the superposition of the basic regions
of monomer A and Max illustrated in Figure 6a. His328
and Glu332 specify recognition of the Cyt3–Gua3′ and
Ade4–Thy4′ base pairs of the E-box half site of the StRE.
Nε2 of His328 donates hydrogen bonds to N7 and O6 of
Gua3′ (3.2 Å and 2.5 Å, respectively). Glu332 interacts with
Cyt3 (Oε1–N4=2.5 Å), Ade4 (Oε2–N6=3.1 Å), and Thy4′
(Cβ–C5M=3.7 Å, Cγ–C5M=3.6 Å and Cδ–O4=3.0 Å, where
C5M is the C5 methyl group; Figure 6b). Arg336 specifies
the last base pair of the E-box half site, making a hydrogen
bond with Gua5′ (Nη2–N7=2.7 Å). Interactions with the
first and second bases of the E-box half site include a
water-mediated contact between Nδ1 of His328 and both
N6 and N7 of Ade1, and van der Waals contacts between
Tyr335 and Thy2 (Cβ–C5M=4.1 Å, Cγ–C5M=4.2 Å). DNA-
backbone contacts by monomers A and AA involve
Asn329, Arg334, and Tyr335 from the basic region, and
Asn358 and Lys359 from the end of the loop region and
the beginning of helix 2. Water-mediated interactions
occur between DNA backbone atoms and Arg336 of
A/AA and Asn340 of B/BB. For the purpose of detailed
comparisons, the sidechain–base contacts observed in
our Max–DNA structure ([10]; Figure 5c; using the
StRE-1 numbering scheme) are as follows: His28 to
Gua3′ (Nε2–06 = 3.8 Å, Nε2–N7 = 3.9 Å), Glu32 to Cyt3
(Oε1–N4 = 2.8 Å), Glu32 to Ade4 (Oε2–N6 = 3.3 Å), Glu32
to Thy4′ (Cβ–C5M=3.8 Å, Cγ–C5M=3.8 Å, Cγ–O4=3.0 Å),
and Arg36 to Gua5′ (Nη1–N7 = 2.8 Å).
Interactions between monomers B and BB and the non-
E-box half site differ completely from those seen in the
E-box half site, revealing novel interactions between a
helix–loop–helix protein and DNA (Figure 5b). A com-
parison of the structures of the basic regions of monomers
A and B and the Max monomer (Figure 6a) reveals dif-
ferences in the sidechain torsion angles of Glu332 and
His328. Glu332 now interacts with the two Cyt–Gua base
pairs at positions 7 and 8, through hydrogen bonds with
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Figure 5
DNA–protein interactions for (a) monomers A and AA with the E-box
half site and (b) for monomers B and BB with the non-E-box half site.
Residues binding to bases are indicated, interaction distances are
given in Ångstrom units, and water molecules are identified with a
‘w’. The DNA numbering scheme is defined in Figure 2b, and the
pseudo dyad is denoted with a black filled oval. The van der Waals
interactions between Thy2 and Tyr335 of monomers A and AA and
Thy9′ and Tyr335 of monomers B and BB are shown as dashed
lines. (c) DNA–protein interactions between a Max monomer and an
E-box half site [10].
Cyt7 (Oε1–N4=3.4 Å) and Cyt8 (Oε2–N4=2.8 Å; Figure 6c).
The new conformation of the sidechain of Glu332 affects
the position of the imidazole ring of His328, which
interacts with Gua10′ (Nε2–N7=2.9 Å, Nε2–O6=3.1 Å)
making the non-E-box half site 2 bp longer than a
canonical 3 bp E-box half site. (It is remarkable that the
same histidine residues in full-length Max [15] and
PHO4 [14] also interact with a guanine outside the
canonical E-box). His328 also plays a stabilizing role for
Glu332 (Nδ1–Oε1 = 2.8 Å), helping to maintain this
residue in its new sidechain conformation. Tyr335 makes
van der Waals contacts with the methyl group of Thy9′
(Cβ–C5M = 3.7 Å, Cγ–C5M = 3.9 Å). Arg336 no longer par-
ticipates directly in major-groove binding, but interacts
instead with the nucleic acid backbone and an ordered
water molecule. This water molecule makes hydrogen
bonds with N4 of Cyt6, and with another water molecule
that in turn binds to N7 of Gua8′. The remainder of the
protein’s interactions with the DNA backbone are
common to both half sites of StRE-1, with the exception
of Arg334 that no longer binds DNA. Finally, there is a
water-mediated interaction between the DNA backbone
and Asn340 of monomer A/AA.
Before considering the mechanisms by which SREBP-1a
recognizes DNA, it is useful to re-examine our structure in
the context of results from site-directed mutagenesis of a
promoter and from binding-site selection experiments.
Briggs et al. [20] demonstrated that single-site changes of
all but one of the 10 bp of StRE-1 dramatically reduce
transcription from the LDL receptor gene promoter. The
sole exception being position 6, which was changed from
Cyt–Gua to Gua–Cyt without noticeable effect. This result
is consistent with our structure, which shows a single
water-mediated contact with Cyt6. A binding-site selection
experiment performed by Spiegelman and coworkers [17]
demonstrated that SREBP-1a (referred to as ADD-1 in
their paper) bound with similar affinity to the StRE and
the E-box. Presumably, E-box recognition results from
symmetric protein–DNA interactions in which monomers
A and B of SREBP-1a make the same interactions as
monomer A in our structure.
Tyr335 and Glu332 determine StRE-1 recognition
The SREBPs have an atypical tyrosine in their basic
regions, which distinguishes them from all other helix–loop–
helix proteins. This difference alone is almost certainly
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Figure 6
DNA–protein interactions. (a) Superposition of the basic regions of
Max (blue) and monomers A (red) and B (green) of SREBP-1a. The
salt bridge between Glu32 and Arg35 in Max [10] is shown as a
dashed blue line. The salt bridges between Glu32 and Arg36 in Max
[10] and Glu332 and Arg336 in all four SREBP-1a monomers, and the
hydrogen bond between His328 and Glu332 in monomers B and BB
have been omitted for clarity. (b) E-box half site of StRE-1, showing
van der Waals contacts between Glu332 and the methyl group of
Thy4′, which help maintain Glu332 in the same conformation as in our
Max–DNA structure [10]. (c) Non-E-box half site of StRE-1, showing
the sidechains of Glu332 and His328. This figure was prepared with
MOLMOL [43].
responsible for the unique DNA-binding properties of
these proteins, because a Tyr335→Arg substitution in
SREBP-1a eliminates StRE binding but preserves E-box
recognition [17]. Moreover, the opposite result was obtained
for a canonical bHLHZ protein: an Arg211→Tyr substitu-
tion in human USF preserves E-box recognition and
permits this transcription factor to bind the StRE [17]. 
Why does the presence of a tyrosine in the basic region
of a helix–loop–helix protein alter DNA binding so dra-
matically? The sidechains of tyrosine and arginine are
similar in length, partially aliphatic and partially polar. In
our structure, Tyr335 interacts with the DNA backbone;
this is precisely the role of the corresponding arginine
residue of a canonical helix–loop–helix protein. Despite
this similarity, Tyr335 lacks one important chemical feature
provided by the guanidinium group of arginine: Tyr335
is unable to make additional polar interactions with
either DNA or protein. Herein lies an elegant mechani-
cal explanation for the dual DNA-binding specificity of
the SREBPs. 
In Max [10] and USF [11], the corresponding arginine
residue makes a salt bridge with a conserved glutamate
(Nε–Oε1 = 3.0 Å) that is equivalent to Glu332 in SREBP-1a
(Figure 5c). This intramolecular contact restricts the side-
chain torsion-angle flexibility of the glutamate, limiting
it to contacts with the Cyt3–Gua3′ and Ade4–Thy4′ base
pairs of the E-box. In the E-box half site of StRE-1,
Glu332 adopts the conformation seen in our Max–DNA
[10] and USF–DNA [11] structures (Figure 6a) and
makes analogous contacts with the Cyt3–Gua3′ and
Ade4–Thy4′ base pairs. The sidechain conformation of
Glu332 is stabilized by a salt bridge with Arg336, which is
also seen in our Max–DNA [10] structure. In the non-E-
box half site, the conformation of the sidechain of Glu332
is dramatically different (χ1 has changed by 115° from trans
to gauche+), as are its contacts with the major groove edges
of nearby base pairs. Unlike the E-box half site, the non-E-
box half site does not restrict the conformation of Glu332,
because there is no thymine methyl group making van der
Waals contact with the aliphatic portion of this negatively
charged sidechain (compare Figures 6b,c). The sidechain
torsion angle change experienced by Glu332 also affects
the conformation of His328 (χ1 has changed by 24° and χ2
has changed by 180°), which is now stabilizing the new
position of Glu332 by a hydrogen bond. 
Physico-chemical insights gained from circular dichro-
ism spectroscopic studies of Max [10] and USF [11]
provide a mechanistic framework with which to analyze
the behavior of SREBP-1a. Helix–loop–helix proteins
recognize DNA by an induced fit process involving a DNA-
sequence-directed folding transition. In the absence of
DNA, the helix–loop–helix proteins are homodimers with
random-coil basic regions (ARF-D and SKB, unpublished
observations). In the presence of specific but not non-
specific DNA, the two basic regions of the homodimer
undergo random coil to α helix folding transitions
[11,21,22]. Presumably, sidechain–base and sidechain–
backbone interactions stabilize the α-helical conforma-
tion of the basic region, which is common to all six pub-
lished co-crystal structures of helix–loop–helix proteins.
Thus, the SREBPs may represent an interesting subset
of this transcription factor family because two different
half-site sequences (E-box and non-E-box) can stabilize
the same folded structure for the polypeptide chain of
the basic region. This dual DNA-binding specificity is
directly attributable to the conformational properties of
Glu332 resulting from the basic region Arg→Tyr substi-
tution characteristic of the SREBPs.
Tyr335 also participates in a network of direct and water-
mediated interactions that help to anchor the homodimer
to the DNA backbone (Figure 7). The same array of con-
tacts occurs in both the E-box and the non-E-box half
sites in the two homodimer–StRE complexes comprising
the asymmetric unit. These interactions involve Tyr335
from one monomer, and Lys359 and Asn340 from the
other monomer of the homodimer (Figure 7). Tyr335 of
monomer A interacts with the phosphate group of Cyt3,
while the same phosphate group makes a hydrogen bond
with the mainchain amide group of Lys359 of monomer B.
The sidechain amino group of Lys359 interacts with the
phosphate of Ade4 and with the Oε1 atom of Asn340 of the
same monomer (B). Two water molecules provide addi-
tional stability for the protein–DNA interface: one water
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Figure 7
DNA-anchoring interactions supported by the atypical basic region
tyrosine residues. Monomers A (blue) and B (orange) make two sets
of symmetric contacts with the DNA backbone, which involve 
Tyr335 from monomer A, Lys359 and Asn340 from monomer B, 
and two water molecules (blue spheres). Hydrogen bonds are 
shown as dashed white lines. This figure was prepared with
MOLMOL [43].
molecule acts as a bridge between Lys359 (monomer B)
and Tyr335 (monomer A), and the second water molecule
bridges between Asn340 (monomer B) and the phosphate
group of Ade4 (Figure 5a,b).
Cavities and Mg2+ ions
A large cavity exists between the four-helix bundle of
the SREBP-1a homodimer and the DNA, which resem-
bles the cavity seen in the MyoD–DNA structure [13].
Within the cavity there is a quasi-spherical electron
density feature suggesting the presence of a small mol-
ecule sandwiched between the protein and the DNA
(Figure 8). The only candidate molecules present in the
crystallization mother liquor are MPD and salts (see the
Materials and methods section). MPD is too big to
explain the observed electron density. A Mg2+ ion sur-
rounded by six water molecules provides a reasonable
interpretation of the electron density, however. It is not
immediately clear from the structure whether or not a
Mg2+ ion is important for DNA binding because there are
no direct contacts between the cation and the protein.
(There are, however, a variety of water-mediated ion–
protein contacts.) Two indirect lines of evidence suggest
that divalent metals may be involved in DNA binding by
SREBP-1a. First, DNA binding of full-length SREBP-1a
was lost during its purification from nuclear extract, and
was only recovered when milk proteins were added to
the mixture [23]. Because milk proteins contain signifi-
cant amounts of calcium, it is possible that the reintro-
duction of a required divalent cation restored DNA
binding. Second, chelation of divalent metals by EDTA
or ortho-phenanthroline had a modest inhibitory effect
on the DNA-binding properties of our truncated form of
SREBP-1a, as judged by gel mobility shift assays (data
not shown).
Biological implications
The sterol regulatory element binding proteins (SREBPs)
are helix–loop–helix transcriptional activators that control
expression of genes encoding proteins essential for recep-
tor-mediated uptake of low density lipoprotein (LDL) and
cholesterol and fatty acid biosynthesis (reviewed in [1]).
Unlike all other helix–loop–helix proteins, which recog-
nize palindromic E-boxes (5′-CANNTG-3′), the DNA-
binding regions of the SREBPs possess a tyrosine instead
of a conserved arginine. This subtle difference allows reg-
ulation of gene expression through an asymmetric sterol
regulatory element or StRE. Our 2.3 Å resolution co-
crystal structure of the DNA-binding domain of human
SREBP-1a recognizing StRE-1 (5′-ATCACCCCAC-3′)
from the human LDL receptor gene promoter reveals a
quasi-symmetric homodimer with an asymmetric DNA–
protein interface. One monomer binds the E-box half site
of the StRE (5′-ATCAC-3′) using sidechain–base con-
tacts typical of canonical helix–loop–helix proteins,
such as Max [10] and USF [11]. The non-E-box half site
(5′-GTGGG-3′) is recognized through protein–DNA
contacts, which have not been observed previously in co-
crystal structures of helix–loop–helix proteins. Confor-
mational plasticity of a single amino acid sidechain
making protein–DNA contacts explains this dramatic
difference in DNA recognition. Substitution of tyro-
sine for a conserved arginine in the basic region of
SREBP-1a eliminates a stabilizing salt bridge between
the arginine and a conserved glutamate. The glutamate
sidechain adopts two distinct conformations in the inter-
face between SREBP-1a and StRE-1, which support
recognition of two completely different half-site DNA
sequences (5′-ATCAC-3′ and 5′-GTGGG-3′). Thus, the
SREBPs exploit a mechanism of molecular recognition
known as induced fit to bind productively to promoter
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Figure 8
The cavity between the four-helix bundle of
the SREBP-1a homodimer and the DNA, with
a hydrated Mg2+ occupying a quasi-spherical
electron-density feature. (a) The α-carbon
backbone is depicted in red with yellow
sidechains, and the DNA is drawn using white
sticks. The Mg2+ ion and the water molecules
are denoted as yellow and red spheres,
respectively. (b) The final
(2|Fobserved|–|Fcalculated|) difference Fourier map
with the atomic model.
StREs and to regulate expression of genes important for
membrane biosynthesis.
Materials and methods
Protein and DNA preparation and crystallization
The bHLHZ DNA-binding portion of SREBP-1a (residues 319–407
plus a single glycine insertion at the N terminus and a Cys→Ser muta-
tion at position 404) was overexpressed in E. coli (BL21(DE3)pLysS)
as previously described [10]. Ammonium sulfate fractionation, cation
and anion exchange chromatography and gel filtration yielded ~100 mg
of highly purified protein from 10 l of bacterial cell culture. Mass spec-
trometry demonstrated that the protein used for crystallization was
neither modified nor proteolyzed (data not shown). The crystallization
DNA was synthesized, purified and annealed as previously described
[10]. The desired protein–DNA complex (four monomers and a 38 bp
oligonucleotide) was separated from single-stranded and double-
stranded DNA, and substoichiometric complexes using a Pharmacia
HR 16/60 Superdex-75 gel filtration column operated at the maximum
recommended flow rate with a buffer composed of 200 mM KCl,
20 mM MgCl2, 100 mM Tris-HCl at pH 7.5. (It should be noted that this
step was essential for obtaining high-quality co-crystals.) 
Hanging drop vapor diffusion, starting at a complex concentration of
0.5 mM against 150 mM KCl, 20 mM MgCl2, 100 mM 2-morpho-
linoethanesulfonic acid (MES) at pH 5.6 and 10% 2-methyl-2,4-pen-
tanediol (MPD), yielded many small crystals within days. These crystals
were dissolved by addition of a small amount of ammonium acetate to
the drop, which subsequently evaporated giving a few large hexagonal-
bipyramidal crystals in space group P6122 with unit-cell dimensions
a = b = 94.6 Å and c = 459.1 Å and a typical size of 1.2 × 0.6 × 0.4
mm3 within two weeks. Crystalline preparations of heavy atom deriva-
tives were prepared using the same methods with synthetic oligonu-
cleotides, in which thymine was replaced with iodo-uracil.
Data collection and processing
The co-crystals were cryoprotected with a solution containing 100 mM
KCl, 40 mM MgCl2, 100 mM MES at pH 5.6, 2% PEG4000 and 35%
MPD, and frozen by direct immersion in liquid propane. These crystals
diffracted X-rays to better than 2.0 Å on beamline F1 at the Cornell
High Energy Synchrotron Source. With the crystal aligned with c* par-
allel to the oscillation axis and the CCD detector (2K × 2K) offset in two
directions, 2.3 Å resolution diffraction data were obtained (Table 1).
Data from two heavy atom derivative crystals were collected in the
same manner. All data were integrated and scaled using the programs
DENZO and SCALEPACK [24]. Regrettably, technical limitations
imposed by the oscillation camera on F1 and the 459 Å c axis pre-
cluded data collection at the diffraction limit.
Structure determination
Heavy atom derivative and native co-crystals were non-isomorphous,
forcing us to resort to molecular replacement with our Max–DNA struc-
ture [10]. The initial molecular replacement model included two bHLH
portions of Max and a 10 bp oligonucleotide, which we refer to as a
single complex. The volume of the unit cell and the molecular weight of
the double complex (38 bp plus two SREBP-1a dimers = 63 kDa) sug-
gested two double complexes/asymmetric unit (i.e. two duplex DNAs
plus four protein dimers). However, only two solutions for the rotation
and translation search were found using the single complex search
model (resolution limits 15–3.4 Å; R factor 50.3%; correlation coeffi-
cient 34.6%) with the program AMoRe [25]. As expected, the distance
between the internal dyads of the two single complexes was ~60 Å,
which corresponds to the 18 bp of DNA required to connect the two
single complexes and generate the 38 bp oligonucleotide of the double
complex. No other molecular replacement solutions were found, giving
a final Matthew’s number of 4.6 Da/Å3 [26]. We were somewhat sur-
prised by the high solvent content of these well-diffracting co-crystals
(73%), but the shape of the molecule is far from globular and this fact
alone may explain our results. Difference Fourier methods were used to
locate the iodine atoms within each of the heavy atom derivative co-
crystals, confirming the validity of the molecular replacement solution
(data not shown).
Structure refinement
All residues of the four Max bHLH polypeptide chains were converted
to alanine (except those conserved among helix–loop–helix proteins),
and the loop and basic regions were entirely omitted from the initial
refinement model. Following simulated annealing refinement at 2.6 Å
resolution using X-PLOR [27], (2|Fobserved| – |Fcalculated|) and (|Fob-
served| – |Fcalculated|) difference Fourier syntheses revealed many of the
omitted residues and sidechains. After several rounds of positional
refinement and model building, visible sidechains and the loop
residues were incorporated into the model. The four basic regions
were then modeled as poly-alanine α helices. Thereafter, the protein
and DNA models were completed and the resolution limit increased
to 2.3 Å resolution. Addition of solvent molecules (including two
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Table 1
Data collection and refinement statistics.
Data collection Refinement
Resolution limits (Å) 20.0–2.3 Resolution limits (Å) 6–2.3
Measured reflections 633,236 Reflections (F > 2σ) 43,092
Unique reflections 48,155 R factor 0.217
Completeness (%) 86.9 Free R factor 0.279
Rsym(I) 0.071 Number of non-hydrogen atoms
Protein 2441
DNA 1546
Solvent 299
Mg2+ 2
Root mean square deviations Protein DNA Total
Bond lengths (Å) 0.014 0.012 0.013
Bond angles (°) 1.52 1.96 1.69
B factors (Å2) 3.48
Rsym(I) = Σ|I – 〈I〉| / Σ〈I〉, where I is the measured intensity and 〈I〉 is
the averaged intensity of multiple measurements of the same reflection.
R factor = Σ||Fo| – |Fc|| / Σ|Fo|, where Fo is the observed structure factor
and Fc is the structure factor calculated from the model. 10% of the
reflections were used to calculate the free R factor (4,306).
hydrated magnesium ions/asymmetric unit) and individual tempera-
ture factor refinement yielded a final R factor of 21.7% with a free
R value of 27.9% (Table 1). The final refinement model consists of all
38 bp of the crystallization DNA plus monomer A (residues
319–398), monomer B (residues 320–395), monomer AA (residues
319–400), and monomer BB (residues 319–395), plus two Mg2+
ions and 299 ordered water molecules. The electron density for the
polypeptide backbone is continuous everywhere at 1.3σ in a (2|Fob-
served| – |Fcalculated|) difference Fourier synthesis. PROCHECK [28]
revealed no unfavorable (φ,ψ) combinations, and mainchain and
sidechain structural parameters were consistently better than those
expected at 2.3 Å resolution (overall G factor = 0.37). DNA parame-
ters were calculated using CURVES [29,30]. 
Accession numbers
Atomic coordinates and structure factor amplitudes have been deposited
to the Brookhaven Protein Data Bank (PDB accession code 1AM9).
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